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Abstract A new estimate of the one loop contribu-
tions of the standard model to the chromomagnetic
dipole moment (CMDM) µˆq of quarks is presented with
the aim to address a few disagreements arising in pre-
vious calculations. We consider the most general case
with non-zero gluon transfer momentum q2 and obtain
analytical results in terms of Feynman parameter inte-
grals and Passarino-Veltman scalar functions, which are
then expressed in terms of closed form functions when
possible. It is found that the QCD contribution from a
three-gluon Feynman diagram diverges at q2 = 0, which
agrees with a previous evaluation and stems from the
fact that the static CMDM [µˆ(0)] has no sense in per-
turbative QCD. For the numerical analysis we consider
the region 30 GeV< ‖q‖ < 1000 GeV and analyze the
behavior of µˆq(q2) for all the SM quarks. It is found that
the CMDM of light quarks is considerably smaller than
that of the top quark as it is directly proportional to the
quark mass. In the considered energy interval, both the
real and imaginary parts of µˆt(q2) are of the order of
10−2− 10−3, with the largest contribution arising from
the QCD induced diagrams, though around the thresh-
old q2 = 4m2t there are also important contributions
from diagrams with Z gauge boson and Higgs boson
exchange.
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1 Introduction
The anomalous magnetic dipole moment (MDM) of fer-
mions has been a fertile field of study, giving rise to a
plethora of theoretical work within the context of the
standard model (SM) [1,2,3,4], as well as beyond the
SM (BSM) theories [5]. Furthermore, the fermion elec-
tric dipole moment (EDM) has also been analyzed in
several models [6,7,8,9,10,11]. More recently, the calcu-
lation of radiative corrections to the gluon-quark-quark
q¯qg vertex has also become a topic of considerable in-
terest. Radiative corrections to the t¯tg coupling are ex-
pected to be considerably larger than those of lighter
quarks due to the large top quark mass [12]. In par-
ticular the top quark chromomagnetic dipole moment
(CMDM) and chromoelectric dipole moment (CEDM)
have been studied within the framework of the SM
[13], two-Higgs doublet models (THDMs) [14], the four-
generation THDM (4GTHDM) [12], models with heavy
Z gauge bosons [15], little Higgs models [16,17], the
minimal supersymmetric standard model (MSSM) [18],
unparticle model [19], vector like multiplet models [20],
etc.
The anomalous q¯qg coupling can be written as
L = gs
2
q¯T aσµν
(
aq
2mq
+ idqγ
5
)
qGµνa , (1)
where aq and dq are the CMDM and CEDM, respec-
tively, whereas Gµνa is the gluon stress tensor and T a are
the SU(3) color generators. The CMDM and CEDM
are usually defined in the literature as dimensionless
parameters [21]
µˆq(dˆq) ≡ mq
gs
µq(dq), (2)
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2where µˆq = aq/2 and dˆq = mqdq. In the case of the
quark top, the most recent experimental bounds from
CMS are−0.014 < µˆt < 0.004 and−0.020 < dˆt < 0.012
[22].
In the SM, the CMDM is induced at the one-loop
level or higher orders via electroweak (EW) and QCD
contributions depicted in Figs. 1 and 2, respectively. On
the other hand, the CEDM is induced up to the three-
loop level [23,24] since all the partial contributions ex-
actly cancel out at the two-loop level [25]. The lowest
order SM contributions to the CMDM of the top quark
have been studied in [13] and more recently in [26,15].
However, there are some disagreement between those
calculations (see section 2.1 of [26] and section 3.D of
[15]). In particular, authors of Ref. [13] only focus on
the static CMDM, which they claim it receives a finite
QCD contribution, whereas authors of Ref. [26] argue
that the on-shell CMDM has no sense in perturbative
QCD as the contribution arising from the three-gluon
vertex diagram of Fig. 2 diverge, so they extend the
analysis to the off-shell CMDM. Even more, the ana-
lytical results presented in [13], [26] and [15] disagree.
In the experimental side, the advent of the LHC has
triggered the interest on the anomalous t¯tg couplings,
which have become an interesting area of study in ex-
perimental particle physics. Searches for any deviation
to the SM t¯t production has made it possible to set con-
straints on the top quark CMDM and CEDM, which
are regularly improved [27,21,22]. In fact, the current
upper bounds [22] have been improved by one order of
magnitude as compared to the previous ones [21]. Hope-
fully, more tight constraints on these top quark prop-
erties, closer to the SM predictions, would be achieved
in the future, and thus a more precise and unambigu-
ous prediction of the SM contributions to the top quark
CMDM is mandatory. Also, since contributions to the
CMDM in extension theories could give rise to an im-
portant enhancement, a precise determination of such
contributions is in order.
In this work we present a new calculation of the
SM contributions to the quark CMDM, which is aimed
to address some ambiguities of previous results. Our
manuscript is organized as follows. In Sec. 2, we present
the main steps of the analytical calculation, stressing
any disagreement with previous results. The correspond-
ing loop functions are presented in terms of Feynman
parameter integrals, Passarino-Veltman scalar functions
and closed form results in Appendix Appendix A, which
may be useful for a numerical cross-check. In Sec. 3, we
present a numerical analysis and discussion of the be-
havior of the CMDM of SM quarks, with emphasis on
the top quark one. The conclusions are presented in Sec.
4.
2 Analytical results
The CMDM is defined in a similar fashion to the elec-
tromanetic case. We thus write the S-matrix element
for q¯qg coupling as
iM = igsT au(p2)Γµu(p1), (3)
where, from Lagrangian 1, the corresponding vertex
function Γµ can be written as
Γµ = iσµνq
ν
(
aq
2mq
+ idqγ
5
)
. (4)
We now turn to outline the main steps of the cal-
culation. For completeness, the loop functions are pre-
sented in terms of Feynman parameter integrals, Pa-
ssarino-Veltman scalar functions, and closed form func-
tions, which can be useful for a numerical cross-check.
The Dirac algebra and tensor reduction was done with
the help of FeynCalc [28] and Package-X [29].
Below, p1 (p2) denotes for the four-momentum of
the ingoing (outgoing) quark, whereas q is the gluon
four-momentum. We first present the calculation of the
QCD contributions arising from the Feynman diagrams
of Fig. 2, which are then compared with previous re-
sults. Afterwards the calculation of the EW contribu-
tions from the Feynman diagrams of Fig. 1 is presented.
2.1 QCD contribution
The contribution to the vertex function Γµ from dia-
gram 2(a) is
ΓµQCD1 =
ig2s
6
∫
dDkˆ
(2pi)D
γβ
(
/q2 +mq
)
γµ
(
/q1 +mq
)
γβ(
q22 −m2q
) (
q21 −m2q
)
(k2)
,
(5)
where qi = k + pi, and mq is the quark mass. Also
dDkˆ = µ4−DdDk, with µ the scale of dimensional regu-
larization, and it is understood that a small imaginary
part i is added to the propagators. In this case we have
three color generators T a, which simplifies as follows
T bjnT
a
nmT
b
mi =
1
2
δjiT
a
nn −
1
2N
T aji = −
1
6
T aji, (6)
where we used T bjnT bmi =
1
2
(
δjiδnm − 1N δjnδmi
)
and
Tr [T a] = 0, whereas N stands for the quark color num-
ber. After Feynman-parameter integration, the follow-
ing contribution to the CMDM is obtained:
aQCD1q
(
q2
)
=
αs
6pi
FQCD1q
(
q2
)
, (7)
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Fig. 1 One-loop Feynman diagrams for the electroweak contributions to the CMDM of quarks at the one-loop level in the SM: (a)
and (b)gauge boson exchange and (c)Higgs boson exchange.
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gq q
q
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qq q
Fig. 2 One-loop Feynman diagrams for the QCD contributions to the CMDM of quarks: (a)QED-like diagram and (b)three-gluon
diagram.
where the function FQCD1q is presented in Appendix
Appendix A.1 When q2 = 0, it is straightforward to
obtain
aQCD1q (0) = −
αs
12pi
, (8)
which agrees with the well-known QED result after the
replacement of the electric charge e by the strong cou-
pling constant αs and the color factor of Eq. (6).
The non-abelian contribution to the quark CMDM
from diagram 2(a) can be obtained from the vertex
function:
ΓµQCD2 = −
i3g2s
2
∫
dDk
(2pi)D
γβ (−/k +mq) γαΣαβµ(k)
(q22)
(
k2 −m2q
)
(q21)
,
(9)
with
Σαβµ(k) = gαβ (p1 + p2 + 2k)
µ
+ gβµ (−2p2 + p1 − k)α
+ gµα (p2 − k − 2p1)β , (10)
1From now on, all the corresponding loop functions appearing in
the contributions to aq (q2), denoted by calligraphy letters, will
be presented in terms of Feynman parameter integrals, Passarino-
Veltman scalar functions and closed form results in appendices
Appendix A.1, Appendix A.2, and Appendix A.3, respectively,
including the results for q2 = 0.
and the color factor can be worked out as follows
Tmjb T
n
bif
anm = −2iTr [Tm [Tn, T a]]TmjbTnbi = −
i3
2
T aji.
(11)
After four-momentum integration, our result for the
quark CMDM is given as
aQCD2q
(
q2
)
=
3αs
2pi
FQCD2q
(
q2
)
, (12)
which disagrees with the result obtained in [26] as there
is a disagreement with the color factor used by those
authors.
When q2 = 0, Eq. (12) yields a divergent result for
q2 = 0:
FQCD2q (0) =
1
2
(B0(0;mq,mq) + 3)
=
1
2
(
1

+ log
(
µ2
m2q
)
+ 3
)
, (13)
where B0(0;mq,mq) is a two-point Passarino-Veltman
scalar function and  is the pole of dimensional regular-
ization. Therefore, the contribution of the three-gluon
diagram is not well defined when q2 = 0 as it was also
pointed out in [26]. Since QCD contributions to the
CMDM are proportional to the strong running coupling
4constant αs
(
q2
)
, such contributions have not perturba-
tive sense at q2 = 0 but at scales where perturbative
calculations are allowed. We also performed the numeri-
cal calculation of the QCD contributions to the CMDM
using a small fictitious mass for the internal gluon. The
numerical evaluation shows little dependence on this
fictitious gluon mass.
2.2 Electroweak contribution
We now present the calculation of the contributions to
the quark CMDM induced through the Feynman dia-
grams of Fig. 1. We note that the diagrams with photon,
Z gauge boson, and Higgs boson exchange are similar to
those inducing a lepton anomalous MDM [2], but with
the external photon replaced by a gluon. Therefore, the
corresponding S-matrix elements of the couplings q¯qγ
and q¯qg just differ by the coupling constants gs instead
of the electric charge and the SU(3) generators T aij , al-
though the vertex function is the same in both cases.
Then, the results for the CMDM must reproduce the
lepton anomalous MDM ones. As far as the diagram
with W± gauge boson exchange is concerned, the lep-
ton anomalous MDM has no analogous contribution in
the SM.
2.2.1 Photon exchange
The corresponding contribution to the q¯qg vertex func-
tion can be written as
ΓµA = −ie2Q2q
∫
dDk
(2pi)D
γβ
(
/q2 +mq
)
γµ
(
/q1 +mq
)
γβ(
q22 −m2q
) (
q21 −m2q
)
(k2)
,
(14)
with Qq the quark electric charge in units of e. After a
straightforward calculation, we arrive at the following
expression
aAq
(
q2
)
= −e
2Q2q
4pi2
FAq
(
q2
)
, (15)
which gives a result similar to that of the lepton anoma-
lous MDM for q2 = 0:
aAq (0) =
αQ2q
2pi
. (16)
We note that the electric charge factor Q2q is missing in
the corresponding result of [26]. However, since the in-
ternal photon of diagram 1(a) is attached to two quark
lines, such a factor do appear in this contribution.
2.2.2 Z gauge boson exchange
The contribution of the loop with Z gauge boson ex-
change to the q¯qg vertex function in terms of the axial
(vector) gqA (g
q
V ) couplings is:
ΓµZ =
−ig2
c2W
∫
dDk
(2pi)D
Ξµ(
q22 −m2q
) (
q21 −m2q
)
(k2 −m2Z)
,
(17)
where
Ξµ = γβ
(
gqV − gqAγ5
) (
/q2 +mq
)
γµ
(
/q1 +mq
)
γλ
× (gqV − gqAγ5)(gβλ − kβkλm2Z
)
(18)
After integration in the four-momentum space we
obtain
aZq
(
q2
)
=
√
2GFm
2
q
pi2
(
(gqA)
2AZq
(
q2
)
+ (gqV )
2 VZq
(
q2
))
,
(19)
whereas the result obtained for q2 = 0 is analogue to
Eq. (3) of [2] for the contribution of the lepton anoma-
lous MDM. There is agreement with the calculation pre-
sented in [15], but there is no agreement with the result
of [26] as those authors perform the calculation in the
Feynman-’t Hooft gauge.
2.2.3 W± gauge boson exchange
We now calculate the contribution from the Feynman
diagram of Fig. 1(b). The q¯qg vertex function can be
written as
ΓµW =
∑
q′
−ig2 |Vqq′ | 2
8
∫
µ4−DdDk
(2pi)D
Πµ
× 1(
q22 −m2q′
)(
q21 −m2q′
)
(k2 −m2W )
, (20)
with
Πµ = γβ
(
1− γ5) ( /q2 +mq′) γµ ( /q1 +mq′) γλ (1− γ5)
×
(
gβλ − kβkλ
m2W
)
(21)
where q′ stands for the internal quark and Vqq′ is the
CKM matrix element. After four-momentum integra-
tion, the following contribution to the q quark CMDM
is obtained:
aWq
(
q2
)
=
∑
q′
GFm
2
q |Vqq′ | 2
4
√
2pi2
FWqq′
(
q2
)
, (22)
5with the dominant term arising from the diagonal CKM
matrix element (Vqq ≈ 1). There is no agreement with
the result of [26] as those authors consider that the
external and internal quark masses are degenerate.
2.2.4 Higgs boson exchange
The remaining SM contribution to the quark CMDM
arises from the diagram with Higgs boson exchange.
The corresponding contribution to the q¯qg vertex func-
tion is given by
Γµh =
ig2m2q
4m2W
∫
dDk
(2pi)D
(
/q2 +mq
)
γµ
(
/q1 +mq
)(
q22 −m2q
) (
q21 −m2q
)
(k2 −m2h)
.
(23)
Again, the algebra is straightforward and we obtain af-
ter four-momentum integration:
ahq
(
q2
)
= −GFm
2
q
4
√
2pi2
Fhq
(
q2
)
, (24)
which for q2 = 0 agrees with the results presented in
[26].
3 Numerical evaluation and discussion
We now turn to the numerical evaluation of the one-
loop contribution to the CMDM of quarks. We first
present a numerical estimate of the quark CMDM in the
SM, which is aimed to make a comparison with previous
results, which can be useful to settle any ambiguity.
3.1 Transition CMDM of quarks in the SM
We first analyze the behavior of the parameter µˆ=aq/2
in the SM, which is the one studied by the experimental
collaborations [21]. Although the top quark CMDM is
the one mainly studied in the literature, for the sake of
completeness we include in our analysis an estimate for
all the SM quarks. Since the results for the QCD con-
tribution have not sense in perturbative calculations at
q2 = 0, as pointed out above, we study the case q2 6= 0.
Anomalous top quark couplings have been studied at
the LHC through tt production [30,31,32,22], where
the transition CMDM contributes at the leading order
through the diagrams shown in Fig. 3, where we include
the ggtt interaction arising from Lagrangian (1). Since
the outgoing top quarks are on-shell, the gluon four-
momentum in the s-channel diagrams obeys ‖q‖ ≥ 2mt,
whereas in the t and u channels there are no such kine-
matical constraint.
We have implemented the strong coupling constant
αs
(
q2
)
as the three loop approximate solution of the
renormalization group equation of QCD [33,34]. We
consider gluon four-momentum transfer in the 30-1000
GeV region, where αs ∼ 0.1, since for ‖q‖ less than
around 1 GeV the theory becomes strongly interacting
[35]. In addition, at next-to-leading order QCD calcu-
lations, EW corrections are neglected, so only the pure
QCD contribution to the CMDM of quarks would be
relevant.
For the numerical analysis we use the results in
terms of Passarino-Veltman scalar functions, which were
evaluated via the LoopTools [36] and Collier [37] pack-
ages, though we cross-check with the results obtained
by numerical integration of the Feynman parameter
results. We also compared our numerical results with
those reported in [15]: although there is a good agree-
ment with the real part of the QCD and EW contri-
butions to µˆt, we obtain non-zero imaginary parts in
the Z, h and QCD2 contributions, which are absent in
previous evaluations.
3.1.1 Light quarks CMDM
We show in Fig. 4 the behavior of the real Re [µ̂q] and
imaginary Im [µ̂q] parts of the CMDM of the light SM
quarks as functions of the gluon transfer momentum
‖q‖. We observe that in both cases the largest estimates
correspond to the b quark CMDM, whereas the small-
est estimates are obtained for the u and d quarks. This
stems from the fact that the CMDM is proportional to
the quark mass for q2 6= 0. We also note that the real
and imaginary parts of µˆq are about the same magni-
tude for all the light quarks. Numerical predictions for
the CMDM of light quarks are shown in Table 1 for
some selected values of ‖q‖.
We now turn to analyze the behavior of the par-
tial contributions to µˆq for a light quark. Thus, by way
of illustration, we show in Fig. 5 the real and imagi-
nary parts of the partial contributions to the c quark
CMDM. All other light quark’s contributions exhibit
a similar behavior, though there are slight changes for
the b quark as explained below. We first note that the
dominant contributions arise from the triple gluon ver-
tex (the so-called QCD2 contribution), though at high
energies the QCD1, γ, Z and W contributions are of
similar size. In particular, the imaginary parts of the
EW gauge bosons contributions are slightly larger than
the one of the QCD1 contribution for ‖q‖ & 600 GeV,
whereas the real parts of both QCD contributions dom-
inate in all the studied energy interval. On the other
hand, the Higgs boson contributions are the smallest
ones: for the u and d quarks, such contributions are
6Fig. 3 Feynman diagrams for tt production via the Lagrangian of Fig. 1.
Fig. 4 Real (left plot) and imaginary (right plot) parts of the light quarks CMDM µ̂q as function of the transfer momentum of the
gluon.
negligibly small, of the order of 10−20 − 10−21. Note
that for ‖q‖ > 30 GeV all the partial contributions to
µˆq develop an imaginary part as q2 > 4m2, with m the
mass of the virtual particles attached to the external
gluon, except for the W contribution to µˆb, which is
purely real for q2 < 4m2t as long as one neglects the
contributions of the loops with internal u and c quarks.
3.1.2 Top quark CMDM
We now turn to analyze the behavior of the CMDM
of the top quark. We first show in Fig. 6 µˆt as a func-
tion of ‖q‖ as well as its partial QCD and EW contri-
butions. We observe that both the real and imaginary
parts are dominated by the QCD contributions, though
the real part of the EW contribution is of comparable
size around the threshold ‖q‖ = 2mt, where all the con-
tributions show a peak due to a flip of sign. Both the
QCD and EW contributions decrease as ‖q‖ increases:
above the 2mt threshold the real part of the EW contri-
bution becomes negligible, whereas its imaginary part
is about one order of magnitude below the imaginary
part of the QCD contribution for ‖q‖ ∼ 1000 GeV. How-
ever, at very large ‖q‖ ( much larger than 1000 GeV) the
imaginary part of the EW contribution becomes domi-
nant since the imaginary part of the QCD contribution
decreases quickly at very high energies.
We now show in Fig. 7 the real and imaginary parts
of all the partial contributions to µˆt as functions of
‖q‖. As far as the real parts are concerned, we observe
that at low and high energies the QCD2 contribution
dominates, but around ‖q‖ = 2mt the Z and h con-
tributions become the dominant ones, which explains
the behavior of the EW contribution shown in Fig. 6 at
‖q‖ ' 2mt. Nevertheless such contributions are of oppo-
site sign and they tend to cancel each other out. On the
other hand, as for the imaginary contributions, below
the threshold ‖q‖ = 2mt all but the QCD2 and W con-
tributions vanish and above this threshold the Z and
h contributions develop imaginary parts of the same
order of magnitude than that of the three-gluon con-
tribution (QCD2), which remains slightly larger as ‖q‖
increases. We can conclude that the QCD contributions
is always dominant, nevertheless the imaginary part of
the EW contribution become comparable to the QCD
one at high energies. After the threshold ‖q‖ = 2mt the
top quark CMDM exhibits a peak due to a flip of sign.
Such a behavior is not observed however in the CEDM
of light quarks as we are studying energies far from the
threshold region.
Finally, we show in Table 1 the numerical estimates
of µˆq for all the SM quarks at a few selected values of the
gluon transfer momentum ‖q‖. As expected, the largest
estimate corresponds the top quark CMDM, though the
bottom and charm quarks CMDM could also be non-
negligible in some energy regions. The CMDM of all
quarks is in general complex, with real and imaginary
parts of comparable size, though the real parts are al-
ways slightly larger.
7Fig. 5 Real (left plot) and imaginary (right plot) parts of the SM one-loop partial contributions to µˆc as functions of the transfer
momentum of the gluon ‖q‖.
Fig. 6 Real (left plot) and imaginary (right plot) parts of the EW, QCD and total contributions to the top quark CMDM µ̂t as
function of the transfer momentum norm of the gluon ‖q‖.
Fig. 7 Real (left plot) and imaginary (right plot) parts of the SM one-loop partial contributions to the top quark CMDM µ̂t as
functions of the transfer momentum of the gluon ‖q‖.
Table 1 Estimates for the SM contribution to the CMDM µˆq of the SM quarks for select values of the gluon transfer momentum ‖q‖.
Quark ‖q‖ = 30 GeV ‖q‖ = mZ ‖q‖ = 500 GeV
d 1.47× 10−8 − i2.96× 10−9 1.44× 10−9 − i2.55× 10−10 4.33× 10−11 − i8.21× 10−12
u 3.47×10−9 − i6.33× 10−10 3.35×10−10 − i5.47× 10−11 9.94×10−12 − i1.75×10−12
s 3.63× 10−6 − i1.17× 10−6 3.8× 10−7 − i1.01× 10−7 1.23× 10−8 − i3.25× 10−9
c 3.08× 10−4 − i2.10× 10−4 3.96× 10−5 − i1.87× 10−5 1.51× 10−6 − i6.07× 10−7
b 1.55× 10−3 − i1.95× 10−3 2.72× 10−4 − i1.96× 10−4 1.24× 10−5 − i6.56× 10−6
t −4.81× 10−2 − i4.69× 10−2 −1.33× 10−2 − i2.66× 10−2 2.24× 10−3 − i5.43× 10−3
84 Conclusions
In this work we present a new evaluation of the SM pre-
diction of the CMDM µˆq of quarks at the one-loop level,
which is aimed to address some inconsistencies appear-
ing in previous calculations. We considered the most
general case with non-zero transfer momentum of the
gluon q2 and present results for the corresponding loop
integrals in terms of Feynman parameter integrals, em-
phasizing the disagreements with previous evaluations.
For completeness our results are also presented in terms
of Passarino-Veltman scalar functions and closed form
functions, which have never been presented in the liter-
ature to our knowledge and may serve as a cross-check
for the numerical calculation. It is found that the QCD
contribution arising from the Feynman diagram with a
three-gluon vertex is not well defined at q2 = 0, which
is due to the fact that the static CMDM has not per-
turbative sense, as it has been also pointed out by the
authors of Refs. [26,15]. We then perform a numeri-
cal analysis and examine the behavior of the CMDM
of all the SM quarks in the region 30 GeV< ‖q‖ <
1000 GeV, where the QCD coupling constant α(q2) is
of the order of 10−1. In this energy region the CMDM
are complex in general, with the imaginary parts be-
ing about the same order of magnitude than the real
parts. Furthermore, the QCD contributions dominate
over the EW contributions, which suggests that two-
loop contributions can be relevant. On the other hand,
the imaginary part of the EW contribution is only com-
parable to the QCD contribution at very high energies.
Since the CMDM is proportional to the quark mass,
the largest contributions correspond to the top quark
CMDM, which is of the order of 10−2 − 10−3, with the
imaginary part of the EW contributions of the same
size than the QCD contributions around the threshold
q2 = 4m2t .
Note Added: After this work was submitted, we
became aware that a very related paper [38], that fo-
cuses on the top quark CMDM only, had been recently
posted to the preprint archive. Our conclusions and nu-
merical estimates for the top quark CMDM agree with
those presented in that paper, which only considers the
case with q2 = ∓m2Z .
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9Appendix A: Analytic results for the loop functions
We now present the results for the loop functions appearing in the contributions to the CMDM of quarks discussed
in Sec. 2 in term of Feynman parameter integrals, Passarino-Veltman scalar functions, and closed form functions.
For sake of completeness we also include the results for q2 = 0.
Appendix A.1: Feynman parameter integrals
We introduce the definition ra,b = ma/mb and present the loop functions for the QCD contributions to the CMDM
of quarks. Feynman diagram 2(a) yields the loop function [Eq. (7)]:
FQCD1q
(
q2
)
= m2q
∫ 1
0
∫ 1−u
0
(u− 1)u
m2q(u− 1)2 + q2v(u+ v − 1)
dvdu, (A.1)
whereas Feynman diagram 2(b) gives [Eq. (12)]:
FQCD2q
(
q2
)
= m2q
∫ 1
0
∫ 1−u
0
(u− 1)u
m2qu
2 − q2v(1− u− v)dvdu, (A.2)
which for q2 = 0 reduces to
FQCD2q (0) =
∫ 1
0
(1− u)2
u
du. (A.3)
As far as the EW contributions to the CMDM of quarks are concerned, the Feynman diagram with photon exchange
of Fig. 1(a) gives [Eq. (15)]:
FAq
(
q2
)
= m2q
∫ 1
0
∫ 1−u
0
(u− 1)u
m2q(u− 1)2 + q2v(u+ v − 1)
dvdu, (A.4)
whereas the Z boson exchange diagram gives [Eq. (19)]
AZq
(
q2
)
=
∫ 1
0
∫ 1−u
0
dudv
∆Z
(
(3u− 1)∆Z log
(
∆Z
µ2
)
+ 2
(
m2q(u− 1)3 − 2m2Zu
)
+ 2q2uv(u+ v − 1)
)
, (A.5)
and
VZq
(
q2
)
= −
∫ 1
0
∫ 1−u
0
dudv
∆Z
m2Z(u− 1)u, (A.6)
where ∆Z = m2q(u − 1)2 + m2Zu + q2v(u + v − 1) and µ is the scale of dimensional regularization, which cancels
out after integration.
For q2 = 0, the last two loop functions give:
AZq (0) =
∫ 1
0
du
u
(
2u2 + r2Z,q(u− 4)(u− 1)
)
r2Z.q(u− 1)− u2
, (A.7)
and
VZq (0) =
∫ 1
0
du
gqV
2
r2Z,q(u− 1)u2
r2Z.q(u− 1)− u2
. (A.8)
As for the W boson exchange contribution of diagram 1(b), it is given by [Eq. (22)]:
FWqq′
(
q2
)
=
∫ 1
0
∫ 1−u
0
dudv
∆W
(
− (1− 3u) log
(
∆W
µ2
)
∆W − 2m2q′(u− 1)2 + u
(
2m2q(u− 1)2
−m2W (u+ 3) + 2q2v(u+ y − 1)
))
,
(A.9)
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with the following result for q2 = 0:
FWqq′(0) =
∫ 1
0
u
[
u
(
(u− 1) + r2q′,q(u+ 1)
)
+ 2r2W,q(u− 2)(u− 1)
]
r2W,q(u− 1)− u
(
(u− 1) + r2q′,q
) du, (A.10)
where ∆W = u
(
m2q(u− 1) +m2W
)−m2q′(u− 1) + q2v(u+ v − 1).
Finally, for the Higgs contribution [Eq. (24)] we obtain:
Fhq
(
q2
)
= m2q
∫ 1
0
∫ 1−u
0
(u2 − 1)
m2q(u− 1)2 + um2h + q2v(u+ v − 1)
dvdu, (A.11)
which for q2 = 0 reduces to
Fhq (0) = −
∫ 1
0
du
(1 + u)(1− u)2
(1− u)2 + ur2h,q
. (A.12)
Appendix A.2: Passarino-Veltman results
We now present the above results in terms of Passarino-Veltman scalar integrals, where we use the standard
notation for the two- and three-point scalar functions. Also we define ξ(x, y) =
√
x2 − 4y2. The loop functions are
FQCD1q
(
q2
)
=
m2q
ξ2(‖q‖,mq)
{
B0(0;mq,mq)−B0
(
q2;mq,mq
)
+ 2
}
, (A.13)
FQCD2q
(
q2
)
=
m2q
ξ4(‖q‖,mq)
{(
8m2q + q
2
) (
B0(0;mq,mq)−B0
(
q2; 0, 0
))
− 6m2q
(
q2C0
(
m2q,m
2
q, q
2; 0,mq, 0
)− 4)}, (A.14)
FQCD2q (0) =
1
2
{
B0(0;mq,mq) + 3
}
, (A.15)
FAq
(
q2
)
=
m2q
ξ2(‖q‖,mq)
{
B0 (0;mq,mq)−B0
(
q2;mq,mq
)
+ 2
}
, (A.16)
AZq
(
q2
)
=
m2Z
m2qξ
4(‖q‖,mq)
{(
q2
(
m2Z − 8m2q
)
+ 10m2q
(
2m2q −m2Z
) )
B0
(
m2q;mq,mZ
)
+
m2q
m2Z
(
q2
(
9m2Z − 2m2q
)
+
(
8m4q − 24m2qm2Z + 6m4Z
))
B0
(
q2;mq,mq
)
+
(
2m2q +m
2
Z
)
ξ2(‖q‖,mq)
m2Z
(
m2qB0(0;mq,mq)−m2ZB0(0;mZ ,mZ)
)
+ 2
(
2q2
(
3m2Z − 7m2q
)
+ 2q4 + 3
(
8m4q − 6m2qm2Z +m4Z
) )
m2qC0
(
m2q,m
2
q, q
2;mq,mZ ,mq
)
+
(4m4q −m4Z)ξ2(‖q‖,mq)
m2Z
}
, (A.17)
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VZq
(
q2
)
=
m2Z
m2qξ
4(‖q‖,mq)
{(
q2
(
m2Z − 2m2q
)
+ 2m2q
(
4m2q − 5m2Z
) )
B0
(
m2q;mq,mZ
)
+m2q
(
2
(
3m2Z − 2m2q
)
+ q2
)
B0
(
q2;mq,mq
)
+ ξ2(‖q‖,mq)
(
m2qB0(0;mq,mq)−m2ZB0(0;mZ ,mZ)
)
+
(
4q2 + 2
(
3m2Z − 8m2q
) )
m2qm
2
ZC0
(
m2q,m
2
q, q
2;mq,mZ ,mq
)
+ (2m2q −m2Z)ξ2(‖q‖,mq)
}
, (A.18)
AZq (0) =
m2Z
8m4q
{(
10m2q − 5m2Z
)
B0
(
m2q;mq,mZ
)
+
(
3m2Z − 14m2q
)
B0(0;mq,mq)
+ 2
(
2m2q +m
2
Z
)
B0(0;mZ ,mZ) + 3
(
m4Z − 6m2qm2Z + 8m4q
)
C0
(
m2q,m
2
q, 0;mq,mZ ,mq
)
+
2
m2Z
(
m4Z − 4m4q
)}
, (A.19)
VZq (0) =
m2Z
8m4q
{(
4m2q − 5m2Z
)
B0
(
m2q;mq,mZ
)
+
(
3m2Z − 4m2q
)
B0(0;mq,mq)
+ 2m2ZB0(0;mZ ,mZ) +
(
3m2Z − 8m2q
)
m2ZC0
(
m2q,m
2
q, 0;mq,mZ ,mq
)
+ 2
(
m2Z − 2m2q
)}
, (A.20)
FWqq′
(
q2
)
=
1
m2qξ
4(‖q‖,mq)
{
ξ2(‖q‖,mq)
(
m2q +m
2
q′ + 2m
2
W
) (
m2q′B0(0;mq′ ,mq′)−m2WB0(0;mW ,mW )
)
−
[
q2
(
m4q +m
2
q
(
9m2W − 2m2q′
)
+m4q′ +m
2
q′m
2
W − 2m4W
)
+ 2m2q
(
m4q +m
2
q
(
4m2q′ − 9m2W
)
− 5 (m4q′ +m2q′m2W − 2m4W ) )]B0 (m2q;mq′ ,mW )+m2q[q2 (m2q − 3m2q′ + 10m2W )
+ 2
(
m4q +m
2
q
(
6m2q′ − 11m2W
)− 3 (m4q′ +m2q′m2W − 2m4W )) ]B0 (q2;mq′ ,mq′)
− 2m2q
[
m2q
(
m4q −m2q
(
5m2q′ + 12m
2
W
)
+
(
7m4q′ − 12m2q′m2W + 17m4W
))− 3 (m6q′ − 3m2q′m4W + 2m6W )
− q2 (m4q − 2m2q (m2q′ + 4m2W )+m4q′ − 6m2q′m2W + 8m4W )− 2m2W (q2)2 ]C0 (m2q,m2q, q2;mq′ ,mW ,mq′)
+ ξ2(‖q‖,mq)
(
m2q +m
2
q′ −m2W
) (
m2q +m
2
q′ + 2m
2
W
)}
, (A.21)
FWqq′(0) =
1
8m4q
{
2m2W
(
m2q +m
2
q′ + 2m
2
W
)
B0(0;mW ,mW ) +
[
m4q +m
2
q
(
4m2q′ − 11m2W
)
− 5m4q′ − 7m2q′m2W + 6m4W
]
B0(0;mq′ ,mq′)−
[
m4q +m
2
q
(
4m2q′ − 9m2W
)
− 5 (m4q′ +m2q′m2W − 2m4W ) ]B0 (m2q;mq′ ,mW )+ [12m2qm2W (m2q +m2q′)
−m4W
(
17m2q + 9m
2
q′
)− (m2q − 3m2q′) (m2q −m2q′)2 + 6m6W ]C0 (m2q,m2q, 0;mq′ ,mW ,mq′)
− 2 (m2q +m2q′ −m2W ) (m2q +m2q′ + 2m2W )}, (A.22)
Fhq
(
q2
)
=
1
ξ4(‖q‖,mq)
{
ξ2(‖q‖,mq)
(
m2hB0(0;mh,mh)−m2qB0(0;mq,mq)
)
+
(
4m2qξ
2(‖q‖,mq) +m2h(10m2q − q2)
)
B0
(
m2q;mq,mh
)− 3m2q (ξ2(‖q‖,mq)− 2m2h)B0 (q2;mq,mq)
− 6m2hm2q
(
ξ2(‖q‖,mq) +m2h
)
C0
(
m2q,m
2
q, q
2;mq,mh,mq
)
+ (m2h − 2m2q)ξ2(‖q‖,mq)
}
, (A.23)
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and
Fhq (0) = −
1
8m2q
{(
3m2h − 8m2q
)
B0(0;mq,mq) +
(
8m2q − 5m2h
)
B0
(
m2q;mq,mh
)
+ 2m2hB0(0;mh,mh) + 3m
2
h
(
m2h − 4m2q
)
C0
(
m2q,m
2
q, 0;mq,mh,mq
)
+ 2(m2h − 2m2q)
}
. (A.24)
Appendix A.3: Closed form results
We also present the explicit solutions for the two-point scalar functions in terms of closed form functions. Below
C0
(
m2i ,m
2
j , q
2;mk,ml,mn
)
stands for a three-point Passarino-Veltman scalar function.
FQCD1q
(
q2
)
= − m
2
q
‖q‖ξ(‖q‖,mq) log
(
‖q‖ξ(‖q‖,mq) + 2m2q − q2
2m2q
)
, (A.25)
FQCD2q
(
q2
)
= − m
2
q
ξ4(‖q‖,mq)
{
q2
[
6m2qC0
(
m2q,m
2
q, q
2; 0,mq, 0
)
+ log
(
m2q
q2
)
+ 2 + ipi
]
+ 8m2q
[
log
(
m2q
q2
)
− 1 + ipi
]}
, (A.26)
FQCD2q (0) =
1
2
{
1

+ log
(
µ2
m2q
)
+ 3
}
, (A.27)
FAq
(
q2
)
= − m
2
q
‖q‖ξ(‖q‖,mq) log
(
‖q‖ξ(‖q‖,mq) + 2m2q − q2
2m2q
)
, (A.28)
AZq
(
q2
)
=
m2Z
2m2qξ
4(‖q‖,mq)
{(
20mZ
(
2m2q −m2Z
)
+
2mZ
(
m2Z − 8m2q
)
q2
m2q
)
ξ(mZ ,mq) log
(
mZ + ξ(mZ ,mq)
2mq
)
+ 2
((
9m2Z − 2m2q
)
m2Z
+
(
8m4q − 24m2Zm2q + 6m4Z
)
m2Zq
2
)
m2q‖q‖ξ(‖q‖,mq) log
(
2m2q − q2 + ‖q‖ξ(‖q‖,mq)
2m2q
)
+
(
2
(
8m4q + 14m
2
Zm
2
q − 5m4Z
)
+
(−4m4q − 10m2Zm2q +m4Z) q2
m2q
)
log
(
m2q
m2Z
)
+
(
8
(
q2
)2
+ 12
(
8m4q − 6m2Zm2q +m4Z
)
+ 8
(
3m2Z − 7m2q
)
q2
)
m2qC0
(
m2q,m
2
q, q
2;mq,mZ ,mq
)
+ 2
(
2m2q +m
2
Z
)
ξ2(‖q‖,mq)
}
, (A.29)
VZq
(
q2
)
=
m2Z
2m2qξ
4(‖q‖,mq)
{
2m2Z
( (
3m2Z − 8m2q
)
+ 2q2
)
m2qC0
(
m2q,m
2
q, q
2;mq,mZ ,mq
)
+
(
4
(
3m2Z − 2m2q
)
q2
+ 2
)
m2q‖q‖ξ2(‖q‖,mq) log
(
2m2q − q2 + ‖q‖ξ(‖q‖,mq)
2m2q
)
+ 2m2Zξ(‖q‖,mq) +
(
2m2Z
(
8m2q − 5m2Z
)
+
m2Zξ
2(mZ ,mq)q
2
m2q
)
log
(
m2q
m2Z
)
+
(
4mZ
(
4m2q − 5m2Z
)
+
2mZ
(
m2Z − 2m2q
)
q2
m2q
)
ξ(mZ ,mq) log
(
mZ + ξ(mZ ,mq)
2mq
)}
, (A.30)
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AZq (0) =
m2Z
2m6q
{
− m
2
q
(
m2q − 2m2Z
) (
2m2q −m2Z
)
m2Z
+
(−2m4q + 4m2qm2Z −m4Z) log
(
m2q
m2Z
)
− 2
(
8m4q − 6m2qm2Z +m4Z
)
mZ
ξ(mZ ,mq)
log
(
mZ + ξ(mZ ,mq)
2mq
)}
, (A.31)
VZq (0) =
m2Z
2m6q
{
m2q
(
m2q − 2m2Z
)−m2Z (m2Z − 2m2q) log
(
m2q
m2Z
)
− 2
(
2m4q − 4m2qm2Z +m4Z
)
ξ(mZ ,mq)
log
(
ξ(mZ ,mq) +mZ
2mq
)}
, (A.32)
FWqq′
(
q2
)
=
1
2m2qξ
4(‖q‖,mq)
{
− 4m2q
(
m6q −m4q
(
5m2q′ + 12m
2
W
)
+m2q
(
7m4q′ − 12m2q′m2W + 17m4W
)
− q2 (m4q − 2m2q (m2q′ + 4m2W )+m4q′ − 6m2q′m2W + 8m4W )− 3 (m6q′ − 3m2q′m4W + 2m6W )
− 2m2W
(
q2
)2 )
C0
(
m2q,m
2
q, q
2;mq′ ,mW ,mq′
)
+ 2ξ2(‖q‖,mq)
(
m4q + 3m
2
qm
2
W −m4q′ −m2q′m2W + 2m4W
)
+
2m2q
q2
‖q‖ξ(‖q‖,m′q)
(
2
(
m4q +m
2
q
(
6m2q′ − 11m2W
)− 3 (m4q′ +m2q′m2W − 2m4W ))
+ q2
(− 3m2q′ +m2q + 10m2W )) log
(
‖q‖ξ(‖q‖,m′q) + 2m2q′ − q2
2m2q′
)
− 2
m2q
√
((mq −m′q)2 −m2W )((mq +m′q)2 −m2W )
(
q2
(
m4q +m
2
q
(
9m2W − 2m2q′
)
+m4q′ +m
2
q′m
2
W
− 2m4W
)
+ 2m2q
(
m4q +m
2
q
(
4m2q′ − 9m2W
)− 5 (m4q′ +m2q′m2W − 2m4W )) )
× log

√
((mq −m′q)2 −m2W )((mq +m′q)2 −m2W ) +m2q′ −m2q +m2W
2mq′mW

− 1
m2q
(
q2
(
m6q − 3m4q
(
m2q′ − 4m2W
)
+m2q
(
3m4q′ − 8m2q′m2W + 11m4W
)
−m6q′ + 3m2q′m4W − 2m6W
)
+ 2m2q
(
m6q + 3m
4
q
(
m2q′ − 4m2W
)
+m2q
(−9m4q′ + 4m2q′m2W − 7m4W )
+ 5
(
m6q′ − 3m2q′m4W + 2m6W
) ))
log
(
m2q′
m2W
)}
, (A.33)
FWqq′(0) =
1
2m6q
{
m2q
(
−m4q −m2q
(
3m2q′ − 4m2W
)
+ 2
(
m4q′ +m
2
q′m
2
W − 2m4W
) )
− (m4qm2q′ +m2q (−2m4q′ + 2m2q′m2W − 3m4W )+m6q′ − 3m2q′m4W + 2m6W ) log
(
m2q′
m2W
)
− 2√
((mq −m′q)2 −m2W )((mq +m′q)2 −m2W )
(
m6qm
2
q′ +m
4
q
(−3m4q′ +m2q′m2W + 3m4W )
+m2q
(
3m6q′ − 2m4q′m2W + 4m2q′m4W − 5m6W
)− (m2q′ −m2W )3 (m2q′ + 2m2W ) )
× log

√
((mq −m′q)2 −m2W )((mq +m′q)2 −m2W ) +m2q′ −m2q +m2W
2mq′mW
}, (A.34)
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Fhq
(
q2
)
= − 1
2m2qξ
4(‖q‖,mq)
{
12m4qm
2
h
(
ξ(‖q‖,mq) +m2h
)
C0
(
m2q,m
2
q, q
2;mq,mh,mq
)
+ 2m2qm
2
hξ(‖q‖,mq) +
6m4q
q2
‖q‖ξ(‖q‖,mq)
(
ξ2(‖q‖,mq) + 2m2h
)
log
(
‖q‖ξ(‖q‖,mq) + 2m2q − q2
2m2q
)
+m2h
(
24m4q + q
2
(
m2h − 6m2q
)− 10m2qm2h) log
(
m2q
m2h
)
− 2mhξ(mh,mq)
(−16m4q − q2ξ(mh,mq) + 10m2qm2h) log(ξ(mh,mq) +mh2mq
)}
, (A.35)
and
Fhq (0) = −
1
2m4q
{
m2q(3m
2
q − 2m2h) + 2mh
(
m2q −m2h
)
ξ(mh,mq) log
(
ξ(mh,mq) +mh
2mq
)
+m2h
(
3m2q −m2h
)
log
(
m2q
m2h
)}
. (A.36)
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